Abstract It has been generally thought that a tiny freshwater fish, medaka (Oryzias latipes), has expanded its habitat into the Japanese archipelago as wet-rice cultivation spread across the region, and hence the distribution of medaka should be a matter of anthropological interest. However, there has been no study to verify this popular belief. To address the issue, we sampled wild medaka, and undertook genetic analyses of its populations. We collected 976 individual medaka from 13 local wild sites, which included 11 paddy-field irrigation channels and two ponds. The gene tree constructed based on nucleotide sequences of mitochondrial genome D-loop region showed no discrepancy in the topology, which is presumed to reflect the northern Kyushu origin of the southern Japanese medaka. Population genetic statistics indicated that the medaka populations in west Japan have greater genetic diversity (heterozygosity) than those in east Japan, supporting the hypothesis that the medaka originate from northern Kyushu. Hence, we argue that the current medaka distribution can be attributed to their past migration event(s) following the expansion of paddy fields from northern Kyushu to the eastern part of the Japanese archipelago.
Introduction
There is reliable archaeological evidence that the oldest rice paddies in the Japanese archipelago are those that have been found in northern Kyushu (the Itatsuke and the Nabatake sites) and Okayama (the Tsushimaedo site) (Ishikawa, 1992; Imamura, 1996) . As a widely accepted definition in Japanese archaeology, the start of wet-rice cultivation corresponds to the beginning of the Yayoi period 2300-2800 years ago (Imamura, 1996) ; and physical anthropologists have argued that arrivals of immigrants from somewhere in the East Eurasian continent date back to the Yayoi period (Hanihara, 1991) . In addition, some archaeologists have argued that rice-paddy technology was brought by these Yayoi immigrants (Imamura, 1996) . However, it is still a puzzle as to who were the first rice agriculturalists in Japan. This question is critical to any attempt to discuss the origins of the Japanese people (Nakahashi, 1996) . We believe that the tracing paddy-field spread provides a proxy for the population history of the Japanese.
Medaka (Oryzias latipes) is a tiny freshwater teleost inhabiting the Japanese archipelago, the southern Korean peninsula, and the eastern coast of the Eurasian continent. The medaka has been reared in Japan as an ornamental fish since the Edo era (Kinoshita et al., 2009) , and is called the "rice fish" because it is often found in paddy fields and their irrigation canals. The use of the medaka as a model animal (Wittbrodt et al., 2002; Shima and Mitani, 2004; Matsumoto et al., 2009 ) has led to its genetic diversity being extensively investigated: based on allozymes and mitochondrial DNA (mtDNA) data, Oryzias latipes comprises four major groups-southern Japanese (S.JPN), northern Japanese (N.JPN), east Korean, and west Korean/Chinese (Sakaizumi et al., 1983; Sakaizumi, 1986; Sakaizumi and Joen, 1987; Matsuda et al., 1997; Takehana et al., 2003) , and the divergence time between the S.JPN and the N.JPN groups is estimated to be 4-18 million years ago (Takehana et al., 2003; Kasahara et al., 2007; Setiamarga et al., 2009 ). Thus, the medaka's history in the Japanese archipelago must be much older than that of Homo sapiens.
Nevertheless, we address here the hypothesis that the medaka can be taken as an animal that reflects the spread of human wet-rice cultivation. We have investigated medaka mtDNA D-loop sequence diversity, and compared it between three wild local populations and 35 laboratory stocks covering the entire Japanese archipelago (Katsumura et al., 2009 ). The two main findings from a previous study were that (i) there is subpopulation stratification in the Japanese medaka population, and (ii) the local wild medaka individuals are not clustered with geographically close individuals, but are intermingled in the phylogenetic tree. Sequence types are not shared between individuals from the N.JNP and S.JNP groups, but are shared between individuals from geographically distant sampling sites within the S.JNP group. From these results, we have proposed two possible interpretations of such a diversity pattern: (i) ancestral polymorphisms, or (ii) migration due to human activities (e.g. captive breeding and its release for ornamental purpose, or an expansion of range caused by paddy field dispersal) (Katsumura et al., 2009 ). However, we can neglect the possibility of frequent 'artificial' migration caused by the use of medaka for ornamental purposes, because a sequence type shared between the N.JNP and S.JNP individuals has never been found. That is, the diversity pattern can be attributed to ancestral polymorphisms and/or human activity concerning wet-rice cultivation. It has been generally believed that the existence of medaka is closely related to rice paddy, because the distribution of this fish is coincident with the paddy field area, which accounted for about 6.8% of Honshu Japan (Hidaka, 1998; Iguchi and Kitano, 2008) . Their name, Oryzias latipes, derives from the rice (Oryza sativa) fields-the preferred habitat of the medaka (Parenti, 2008) . The spread of paddy fields must have assisted the non-artificial migration of wild medaka. If this idea is correct, the 'out-of-northern Kyushu' model may be proposed as follows: with the spread of rice paddy, the medaka population expanded in northern Kyushu and spread into Honshu (main island Japan), and then admixed with indigenous medaka in the eastern local regions of Japan. This migration and admixture would result in the phylogenetic tree topology shown in Figure 1 : only northern Kyushu individuals are present on the outside of the cluster that includes both northern Kyushu and non-northern Kyushu individuals. To test the model, we have collected 976 individuals from 13 paddy-field sites in Japan, and conducted phylogenetic and population genetic analyses based on their mtDNA D-loop nucleotide sequences. Three of these sampling sites are close to the Yoshinogari, Nabatake, and Tsushimaedo archaeological sites, where evidence of Yayoi-era rice paddies has been observed. Here we discuss the relationship between medaka and the spread of paddy fields over the Japanese archipelago.
Materials and Methods

Samples
From May 2006 to September 2010, we collected 976 medaka individuals at the 13 local wild sites in the S.JPN group (Iwate-1 site (n = 41), Iwate-2 site (n = 61), Iwate-3 site (n = 47), Ibaraki-1 site (n = 90), Ibaraki-2 site (n = 83), Chiba site (n = 124), Okayama site (n = 95), Hiroshima-1 site (n = 48), Hiroshima-2 site (n = 48), Saga-1 site (n = 48), Saga-2 site (n = 48), and Okinawa site (n = 149)), and in the N.JPN group (Aomori site (n = 94)). Here we define medaka from 'local wild' sites as 'non-domesticated' medaka: that is, we define medaka bred through pet shops and/or laboratories as 'domesticated' medaka. These sampling sites are paddy-field irrigation channels, except for Hiroshima-2 and Okinawa, which are ponds. We have already published results for two of the 13 sites (Chiba and Ibaraki-2) (Katsumura et al., 2009) . Figure 2 is a map showing the 13 sampling sites in the Japanese archipelago. The northern Saga (N.Saga), southern Saga (S.Saga), and Okayama populations were collected around the Itatsuke, Nabatake, Yoshinogari, and Tsushimaedo archaeological sites where evidence of wet-rice cultivation has been found (i.e. remains of well-organized ridges between paddy fields, or carbonized rice) (Figure 2b and c) (Hudson and Barnes, 1991; Imamura, 1996) .
Genomic DNA extraction
The individual medaka were dissolved in a 10% SDS/ 0.5 M EDTA/proteinase K solution; total genomic DNAs were extracted, and purified using phenol/chloroform and subsequent isopropanol precipitation. Some genomic DNA was extracted from half of medaka bodies using an automatic DNA isolation system (PI-50a, Kurabo, Osaka, Japan). The DNA samples were resuspended in 10-100 μl of TE buffer.
Polymerase chain reaction amplification
We amplified the 616 base pair (bp) region of the mitochondrial D-loop by polymerase chain reaction (PCR) using Figure 1 . A hypothetical phylogenetic tree of the expansion of medaka from northern Kyushu. The filled symbols are northern Kyushu medaka, the open symbols are the non-northern Kyushu medaka, and the striped symbols are the outgroup. The topology suggests that northern Kyushu medaka is the origin of the S.JNP medaka: only medaka individuals from northern Kyushu make a cluster and join the branch that includes the non-northern Kyushu medaka individuals. This pattern is reminiscent of the 'out-of-Africa model' (Cann et al., 1987; Vigilant et al., 1991; Ingman et al., 2000) of modern human origins.
a pair of primers designed based on the inbred strain Hd-rR mtDNA: Medaka_D-loop_F1 (5′-CCC AAA GCC AGG ATT CTA A-3′) and Medaka_D-loop_R1 (5′-AAC CCC CAC GAT TTT TGT C-3′) (Katsumura et al., 2009 ). Approximately 50 ng of the genomic DNA was used as a template for PCR in a 30 μl solution containing dNTP at 0.2 mM, 0.08 μM of each of primer, 0.75 U of EX Taq polymerase HS (TaKaRa Shuzo Co., Kyoto, Japan), and the reaction buffer attached to the polymerase. Reactions were carried out in a DNA Engine PTC-200 (Bio-Rad Laboratories, Inc., Hercules, USA) using the following protocol: an initial denaturing step at 95°C for 2 min, 40 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, extension at 72°C for 30 s, and a final extension step at 72°C for 5 min.
The PCR products were diluted 20-fold and used as templates in the direct sequencing reaction (following the commercial protocol), and were then analyzed in an ABI3130 and ABI3730 DNA Sequencer (Applied Biosystems, Tokyo, Japan). We determined the nucleotide sequences for the mt D-loop region in both strands, trimmed both ends, and then compared 504 bp for the analyses as described below in the Results section. These nucleotide sequence data were deposited into the international DNA database DDBJ/EMBL/GenBank (accession nos. AB673468-AB674229).
Sequence alignment and data analysis
For the data from two populations, Chiba and Ibaraki-2, cited in our previous study (Chiba-N and Ibaraki-K, respectively) (Katsumura et al., 2009), we re-trimmed the ends of these raw data from capillary sequencing platforms, and used them for the subsequent analysis. We obtained the Dloop sequences of various lengths (502-654 bp) because the D-loop region of medaka mtDNA included insertion/deletions (InDels) and a tandem repeat region (Katsumura et al., 2009; Hirayama et al., 2010) . Trimming up to seven repetitive sequences from the 5′ end gave a total sequence length of 504 bp.
The nucleotide sequences were preliminarily aligned by CLUSTAL W (Thompson et al., 1994) using the program MEGA4 (Tamura et al., 2007) . The sites showing nucleotide polymorphisms and InDels were re-examined visually to improve the alignment further. Finally, after removing the InDels, for phylogenetic analysis we used 491 bp, and for calculating genetic diversity statistics we used 501-503 and 493 bp for 12 S.JPN and one N.JPN populations, respectively (Table 1) . Pairwise sequence divergences were calculated based on the Jukes-Cantor model (Jukes and Cantor, 1969) , and phylogenetic trees were constructed by the neighbourjoining (NJ) method (Saitou and Nei, 1987) with the program MEGA4 (Tamura et al., 2007) . The reliability of the tree was evaluated by 1000 bootstrap replicates (Felsenstein, 1985) .
Estimation of within-and between-population diversity
Within-population genetic diversity was presented in terms of gene diversity (GD) and nucleotide diversity (ND) (Nei, 1986) . GD is equivalent to heterozygosity, and means the probability that the two sequences are different when one randomly chooses two sequences in a population. ND is the mean pairwise difference divided by the sequence length. These statistics were calculated using the program DnaSP, v. 
Results
Fifty-four distinct sequence-types (ST-1-ST-54) were observed from 976 individuals in the 13 local wild medaka populations (Table 1 , Appendix 1). First, we constructed the gene tree based on the distinct sequence-types (Figure 3) . To focus on the S.JPN group, the Aomori population, which had been classified as N.JPN in the previous study (Tsukamoto et al., 2009) , was used as the outgroup. In the gene tree, we found that there were nine subclusters (three OkayamaHiroshima, three Kanto, one Tohoku-Kanto, one northern Saga, and one southern Saga subclusters). The sequences from geographically close populations made subclusters, while the subclusters intermingled in the gene tree without any geographical relationships, suggesting the strong effects of ancestral polymorphism.
A southern Saga subcluster consisting of eight sequence types from S.Saga and one from Okinawa appeared at the root of the S.JPN medaka group, and separated from the others with a relatively long branch (bootstrap: 89%). Meanwhile, the northern Saga subcluster (five sequences from N.Saga) joined with the Kanto subcluster, and then the other subclusters (bootstrap: 84%). When we constructed the population tree with the same data set, the S.Saga population appeared at the root of S.JPN medaka (data not shown). Thus, the topology of phylogenetic tree supported the northern Kyushu origin of the S.JNP medaka.
Secondly, we calculated the population genetic statistics ( Table 2) . The average GD in east Japan was smaller than that of west Japan (0.334 ± 0.313 and 0.438 ± 0.308, respectively). In contrast, the average ND was larger in east Japan than that of in west Japan (5.96 ± 6.04 and 2.46 ± 2.47, respectively). Overall, the paddy-field samples had higher values of within-population genetic diversities (GD: 0.415-0.811; ND: 1.46 × 10 −3 -13.98 × 10
) than the non-paddyfield samples (GD: 0.042, and 0.000; ND: 0.08 × 10 −3 and 0.00 × 10 −3 ), except for the three Iwate populations (GD: 0.000-0.139; ND: 0.00-1.38 × 10 −3 ). Tajima's D values were negative in most of the western populations (Okayama, Hiroshima-2, N.Saga, S.Saga) and significantly smaller than zero in N.Saga (−1.634, P < 0.05) ( Table 2) . Conversely, the Tajima's D values were positive in most of the eastern populations (Ibaraki-1, Ibaraki-2, Chiba) and significantly larger than zero in Ibaraki-2 and Chiba (2.013, P < 0.05 and 1.858, P < 0.05, respectively). Taken together, the eastern and the western medaka populations seem to have had substantially different demographic histories, but medaka demography seems not to depend on whether or not the fish lived in paddy fields, although the within-population genetic diversity tended to be higher in the paddy fields than in other locations.
Discussion
Overall, the topology of the gene tree ( Figure 3 ) agrees with the branching pattern illustrated in Figure 1 , suggesting a northern Kyushu origin, i.e. the 'out-of-northern Kyushu' model, of the S.JPN medaka. However, two points do not fit the model: (i) the S.Saga subcluster contains the Okinawa sequence type (ST-51); and (ii) unlike the topology shown in Figure 1 , the N.Saga individuals form a subcluster, making a cluster with the Kanto subcluster but not spreading into the various regions of S.JPN. For the first point, there are two possibilities: (1) the common ancestral population of the S.JNP medaka already contained the closely related sequence types found currently in S.Saga and Okinawa, or (2) recent migration has occurred between S.Saga and Okinawa. The single sequence type (ST-51) is obtained from 149 Okinawa individuals, while eight distinct sequence types are observed from 48 S.Saga individuals. Hence, it is likely that the clustering of S.Saga and Okinawa has been caused by human activity, possibly transportation of medaka from northern Kyushu to Okinawa, in recent years. Since we have investigated only one site in Okinawa, it is essential that we examine more samples from Okinawa in the near future in order to clarify this.
The second point raises a more serious question about the 'out-of-northern Kyushu' model. Ideally, if the model is true, then the northern Kyushu medaka individuals should join various wild local medaka individuals, because nonnorthern Kyushu medaka should be a subset of the northern Kyushu medaka. However, the pattern in Figure 3 shows that the N.Saga individuals make a single subcluster, northern Saga, and the subcluster joins with one of the Kanto subclusters. This pattern can be also interpreted as being due to the migration of the Kanto medaka into northern Kyushu. However, the within-population diversity statistics discussed below plausibly suggest a northern Kyushu origin.
The average GD value is lower in east Japan than in west Japan, whereas the average ND value is higher in east Japan than in west Japan. This is due to the effect of high ND values in Ibaraki-2 and Chiba (13.87 ± 0.53 and 13.98 ± 0.65, respectively) ( Table 2) . Both Ibaraki-2 and Chiba have significantly positive values of Tajima's D. Combining the high ND values, the results indicate that the populations from the two sampling sites have stratifications (subpopulations) in each population, suggesting multiple populations have been mixed in those sampling sites. Meanwhile, N.Saga has a significantly negative Tajima's D value. The Kanto subcluster, which makes a cluster with the N.Saga subcluster, contains sequences found in Ibaraki-2 and/or Chiba. From these statistical data, it is more likely that the migration has occurred from northern Kyushu to Kanto than in the opposite direction.
The positive and negative values of Tajima's D are typically observed in the eastern part and the western part of Japan, respectively (Table 2) . However, most of the values are not statistically significant, suggesting a constant population size. This suggests that there are no big differences among the circumstances of the sampling sites, which is expected as the breeding rates of medaka show little environmental bias. Meanwhile, the higher gene diversity in west Japan than east Japan supports the hypothesis that the origin of the S.JPN medaka is somewhere in the western part of Japan, because a species should maintain more diversity in its place of origin than in areas to which it subsequently migrates. Another reason could be the difference in average temperatures between east and west Japan: temperatures are lower in the east than in the west in the Japanese archipelago. The low temperature of the water must restrict the propagation of medaka (Egami, 1959; Yoshioka, 1962 Yoshioka, , 1970 . We need to investigate more about the temperature-breeding rate relationship of medaka.
The 'out-of-northern Kyushu' model is inspired by the 'out-of-Africa' model of Homo sapiens (Cann et al., 1987; Vigilant et al., 1991; Ingman et al., 2000) . The topology shown in Figure 1 does not include the difference in mutation rates or effective population sizes between human and medaka. Simulation(s) tests generating the gene genealogy need to be done with parameters for the assumed medaka history. The topology shown in Figure 3 that one cluster includes only northern Kyushu medaka comes to the root and another cluster includes both northern Kyushu and nonnorthern Kyushu medaka has no discrepancy in the 'out-ofnorthern Kyushu' origin of the S.JPN medaka. The robustness of the topology is questioned because this study used only a few sampling points. However, the topology is not changed when the other Kyushu and non-Kyushu medaka samples published in Katsumura et al. (2009) are involved in the tree (data not shown). Thus, here the 'out-of-northern Kyushu' model is proposed as one hypothesis for the origin of the Japanese medaka.
It is known that the S.JPN and the N.JPN medaka have diverged since 4-18 million years ago (Takehana et al., 2003; Setiamarga et al., 2009 ), but it is unknown how and when the medaka fish entered and spread across the Japanese archipelago. It is generally believed that local medaka populations already existed before the Japanese archipelago separated from the east Asian continent (Takehana et al., 2003) . If this is true, our data suggest that the medaka population has increased more recently in northern Kyushu, expanded into Honshu (main island Japan), and admixed with indigenous medaka in the local eastern regions of Japan. Since mtDNA has a maternal heritage system, we should investigate the nuclear loci of medaka, in order to see the degree of the admixture, which is required for future research. The most plausible scenario under the 'out-of-northern Kyushu' model is that the recent expansion of the medaka population has followed the expansion of rice paddy which started from the northern Kyushu region at the beginning of the Yayoi era (2300-2800 years ago). Although to some extent speculative, this study is the first step showing that the genetic distribution of medaka can trace the expansion of wet-rice cultivation. 
